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1. Introduction {#s0005}
===============

Tropospheric ozone (O~3~), which exerts adverse impacts on human health and ecosystem productivity, has attracted increasing attention globally ([@bb0035]; [@bb0045]; [@bb0050]; [@bb0085]; [@bb0345]; [@bb0360]; [@bb0405]). Moreover, tropospheric ozone also acts as an effective greenhouse gas and thus also influences global climate change ([@bb0175]; [@bb0290]). As one of the most important sources of the hydroxyl radical, it is of great importance with regard to atmospheric chemistry ([@bb0015]). Tropospheric ozone mainly forms through photochemical reactions of volatile organic compounds (VOCs), methane (CH~4~), carbon monoxide (CO) and nitrogen oxides (NO~x~ = NO + NO~2~) ([@bb0055]; [@bb0305]). In recent decades, many studies suggested notable increases in tropospheric ozone, which were mainly attributed to fast-growing anthropogenic emissions as well as climate warming ([@bb0065]; [@bb0220]).

Though emission and climate variability determine ozone trend, synoptic conditions play a dominant role in day-to-day ozone variation and pollution episodes, such as typhoon ([@bb0075]; [@bb0180]; [@bb0295]; [@bb0410]), anticyclone ([@bb0150]; [@bb0350]; [@bb0395]), and sea-land breezes (SLBs) ([@bb0040]; [@bb0075]; [@bb0200]; [@bb0210]; [@bb0335]). For example, a typhoon in West Pacific has been proven to make SLB delay and lower mixing height in the Pearl River Delta, causing ozone concentrations more than 150 ppb in these areas ([@bb0075]; [@bb0410]). Meso-scale anticyclone conditions have been indicated to contribute the accumulation of ozone precursors and subsequently impact ozone concentration ([@bb0395]). In coastal areas, the penetration of sea breeze systems into land would form sea breeze convergence zone, resulting a high ozone level ([@bb0075]; [@bb0245]; [@bb0260]). SLBs circulation might also exert significant on transporting ozone pollution along the coasts ([@bb0005]; [@bb0075]; [@bb0335]).

The eastern China, as one of the most densely-populated and rapidly-developing region across the world, has been suffering from fine particle (PM~2.5~) and ozone pollution in past decades ([@bb0085]). Owing to the strict national-wide emission control since 2013, China has witnessed a fast drop of PM~2.5~ concentration in recent years ([@bb0090]; [@bb0425]). However, ozone pollution is getting increasingly severe and arouses the concerns from both the government and the public, particularly in developed regions like the Yangtze River Delta (YRD) region ([@bb0165]; [@bb0240]; [@bb0385]). The highest ozone concentration often occurs from May to July in the YRD region, with maximum daily 8-hour average (MDA8) ozone trend of 2.3 ppb year^−1^ for 2013--2017 ([@bb0240]; [@bb0375]).

Shanghai, a megacity located in the east part of China, has developed into an international metropolis in the past decades. Being the largest city of the YRD region, Shanghai also faced extreme ozone pollution events ([@bb0155]; [@bb0205]; [@bb0275]; [@bb0285]). The increasing trend of daily maximum O~3~ concentration reached more than 1.3 ppb year^−1^ from 2006 to 2015, mostly affected by VOCs emissions ([@bb0125]; [@bb0400]). There have been several studies on determining VOC-limited regime in the Shanghai region ([@bb0125]; [@bb0185]; [@bb0225]; [@bb0355]; [@bb0380]). In general, in the VOC-limited regime, the increments of VOCs raise ozone concentration ([@bb0310]; [@bb0325]; [@bb0320]). Since there are massive forests around Shanghai (particularly in the southwest to the city), not only anthropogenic emissions but also biogenic VOCs (BVOCs), like isoprene (C~5~H~8~), promoted ozone production in these areas ([@bb0235]; [@bb0250]; [@bb0390]). For instance, [@bb0130] pointed out that BVOCs emitted in forest areas promoted ozone pollution in Shanghai by regional transport. In addition, meteorological conditions like SLBs have been suggested to play an important role in the occurrence of ozone pollution in Shanghai due to the vicinity of the East China Sea. [@bb0350] found that when the subtropical high was weak, resulting in weak breeze in the YRD region, making SLBs easy to form. Ozone was trapped inside the city due to SLBs, leading to high ozone concentration in Shanghai.

This work focuses on the analysis of ozone pollution characteristics in Shanghai mainly based on in-situ observational data with a focusing on their diurnal patterns and peak concentrations. The rest of this paper is structured as follows. The datasets and methods are described in [Section 2](#s0010){ref-type="sec"}. [Section 3](#s0030){ref-type="sec"} gives the results from K-means clustering and analyzes the effects of regional transport as well as sensitivity regime. The mechanisms of ozone formation under the influence of SLB are also discussed. Conclusions are summarized in [Section 4](#s0050){ref-type="sec"}.

2. Data and methods {#s0010}
===================

2.1. Observational and reanalysis data {#s0015}
--------------------------------------

Ground-based observations of O~3~, nitrogen dioxide (NO~2~) and CO concentration at more than 1500 stations since 2013 are archived at the air monitoring data center of the Ministry of Ecology and Environment of China. The monitoring networks covered most parts of China, and stations were particularly concentrated in the YRD region. As severe ozone pollution events that jeopardized human bodies and agriculture production mostly occurred in summer ([@bb0270]; [@bb0375]; [@bb0415]), its concentrations records from 2013 to 2017 between June and August were selected in this study, with valid measurement data \>90%. In addition to air pollutants, meteorological parameters were recorded by China\'s meteorological observing networks. The sites data measured included hourly wind speed and direction, air temperature, humidity and air pressure. Based on these datasets, the photochemical and physical impacts of meteorological factors to ozone were analyzed.

The fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global climate (ERA5) data was used as ancillary data due to the lack of radiation and meteorological measurements in the sea. With the same time period and interval as observed data, it provided meteorological variables such as mean sea level pressure, 2 m-temperature and 10 m-wind at 0.25° × 0.25° grid. Apart from these data, daily formaldehyde (HCHO) and NO~2~ column densities were obtained from the resolution of the GOME-2 retrievals. The data was averaged to 0.25° × 0.25° grids to match the ERA5 data. It should be noted that pixels with more than 40% cloud fraction were filtered out ([@bb0030]). A detailed description on GOME-2 column density can be found in [@bb0030] and [@bb0070].

2.2. WRF-Chem simulation and source identification calculation {#s0020}
--------------------------------------------------------------

The calculations of BVOCs emissions in YRD presented in this study were performed using the version 3.7 of Weather Research and Forecast Model with Chemistry (WRF-Chem3.7). This modeling system includes a dynamical and a chemical module, simulating meteorology-chemistry-aerosol-radiation-cloud interactions via direct, semi-direct and indirect effects ([@bb0135]). The dynamical module, known as WRF, is a mesoscale numerical weather prediction system designed for operational forecasting and atmospheric research. In addition to dynamical calculations, a chemical module is coupled on-line with the WRF model for simulating BVOCs and other chemicals. Inside the model, biogenic emissions are generated by Model of Emissions of Gases and Aerosols from Nature (MEGAN) developed by [@bb0145], which was wildly used in simulation of BVOCs in China ([@bb0115]; [@bb0230]; [@bb0250]; [@bb0330]; [@bb0355]; [@bb0350]). A detailed description of WRF-Chem can be found on the website <https://ruc.noaa.gov/wrf/wrf-chem/>. In this study, the model domain covered East China and its surrounding area, centered at 35.0°N, 110.0°E with a grid resolution of 20 km. National Center for Environment Prediction (NCEP) global final analysis data (FNL) was used as the initial and lateral boundary conditions of meteorological variables with a 1° × 1° spatial resolution that update every 6 h. The simulations were conducted from 1st June to 31st August in 2013--2017. For all the simulation runs, the first 6 days integration every year was considered as model spin-up.

Long-range transport under specific synoptic weather plays an important role on air quality ([@bb0170]; [@bb0420]; [@bb0410]). To investigate the effects of regional transport, Lagrangian particle dispersion modeling (LPDM) was used. The model was based on Hybrid Single-Particle Lagrangian Integrated Trajectory (Hysplit) which was extensively applied for modeling mass trajectory, diffusion and deposition ([@bb0100]; [@bb0340]). The model began when certain particles were released at a point. After that, the Lagrangian method was used for the calculation of advection and diffusion of the particles, and the Euler method was used for the calculation of the concentration portion. The positions of the particles in the forward or backward transport of the release height over time were calculated by using the averaged wind and turbulent transport, with a simulated maximum time resolution of 1 h. Detailed information of the LPDM can be found in [@bb0340] and [@bb0080]. On account of the advantages of stability and traceability, the LPDM model has been widely used in atmospheric environment research ([@bb0080]; [@bb0160]; [@bb0395]). In this paper, 3000 particles were released at 100 m and run 24 h backwardly over the Jing\'an site (121.425°E, 31.226°N), Shanghai. The residence time of particles at 100 m was identified as the footprint retroplume.

2.3. Clustering of O~3~ diurnal pattern {#s0025}
---------------------------------------

Cluster analysis is a method to find patterns in data without a priori information on the data. As one of clustering algorithms, K-means clustering starts analysis after the number of clusters is already known ([@bb0110]). Founded by [@bb0255], K-means clustering analysis classifies n points of data X into initializing k clusters:$$J = \sum\limits_{k = 1}^{k}\sum\limits_{i = 1}^{n}\left\| {x_{i} - u_{k}} \right\|^{2}$$where u is the mean of points in every clusters (the center point within-cluster) and J is the minimum distance from every point to its center point within-cluster. This process is repeated until each cluster is stable. This algorithm is widely used in pollution studies, especially in cases that a priori information on the possible clusters is available ([@bb0010]; [@bb0020]; [@bb0095]; [@bb0190]; [@bb0365]; [@bb0420]).

In this study, cluster analysis was used to investigate different diurnal patterns of ozone during the daytime and early night (7:00--22:00) since that this time period features most peak values of concentration and most obvious ozone variations, while the change in ozone concentration around 00:00--06:00 is relatively small. The ozone concentrations were normalized by Min-Max Feature scaling to bring all values between 0 and 1. Therefore, the diurnal time series of normalized ozone were performed by K-means clustering analysis. A first step for clustering was to define the optimal number of clusters that would be used for following discussion. In this study, groups with a number of clusters between 2 and 7 have been performed. If the number of clusters was larger than 4, some clusters were not showing an obvious difference in diurnal cycles. On the other hand, if 3 or less clusters were selected, some interesting features might be ignored. Finally, the optimal cluster number was 4. After that, each day would be divided into one group. At each iteration, the algorithm divided two days with similar peak into a group. The group number had become less at each iteration until it reached preset value. It was considered that the diurnal patterns in each cluster were similar after the calculation stopped. In this way, we classified the hourly evolution of ozone and study meteorological changes in every cluster after selecting the cluster number. It should be pointed out here that K-means method also has limitations in determining relationship between clusters and transport patterns because different transport patterns may lead to similar ozone patterns.

3. Results and discussions {#s0030}
==========================

3.1. O~3~ pollution in the YRD region and its diurnal characteristics {#s0035}
---------------------------------------------------------------------

[Fig. 1](#f0005){ref-type="fig"} shows the 5-year average (2013--2017) values of summer daily maximum ozone concentrations in the YRD region from the air-quality monitoring networks in eastern China. As Shanghai accommodates more than 24 million residents and assembles many industrial plants, it was not surprised that the most polluted areas were around Shanghai. The spatially highest concentrations were between Shanghai and Jiaxing, reaching up to 90 ppb, and the average daily peak concentrations in downtown Shanghai exceeded 80 ppb. The ozone trends were 2.44 ppb year^−1^ in Shanghai and 0.83 ppb year^−1^ in Jiaxing in summer. In contrast, concentrations in northern cities, such as Suzhou and Wuxi, were approximately 75 ppb. In-situ concentrations were only around 70 ppb in farther cities like Hangzhou, with increasing rate about 1.05 ppb year^−1^ due to less population and industrial activities.Fig. 1Mean values of the daily maximum ozone concentration in summer from 2013 to 2017. The black open circle represents Jing\'an station and three solid black triangles represent meteorological stations.Fig. 1

As a station in the urban area of Shanghai, the Jing\'an monitoring station was selected for further analysis due to its long time span and high data quality ([Fig. 1](#f0005){ref-type="fig"}). The Chinese National Ambient Air Quality Standard for maximum hourly ozone concentration is 100 ppb at 298 K and 1013 hPa, and accordingly 111 ozone pollution days were identified and performed with K-means cluster analysis. The diurnal clustering patterns of ozone and their numbers in June--August are shown in [Fig. 2](#f0010){ref-type="fig"} . The ozone concentrations of all clusters were relatively low before 9:00 local solar time (LST) due to weak photochemical reactions. Then all clusters underwent ozone pollution during daytime with different peak time. Among them, C1 (Cluster 1) mainly occurred in June, peaking between 14:00 LST and 16:00 LST. C3 (Cluster 3) featured a longer time duration of ozone pollution and higher MDA8 ozone concentration, being frequent in July and August. The diurnal pattern defined as C2 (Cluster 2), mostly occurring in July, usually showed pollution around sunset. The ozone concentration of C4 (Cluster 4) rose rapidly after sunrise in comparison to other clusters. The average increase rates reached 25.72 ppb h^−1^ at 12:00 LST, of the fastest speed within all the four clusters. The last group occurred mostly in July.Fig. 2(a) Diurnal patterns of ozone concentration of different clusters in Shanghai. Lines and shadows show mean value and 25th and 75th percentiles, respectively. (b) Boxplot of maximum daily 8-h average (MDA8) ozone concentration of different clusters. Note that the vertical lines for each box correspond to the maximum and minimum values, and the boxes and the horizontal lines mark the 25th, 75th, and 50th percentiles, respectively. (c) Days of four clusters in different months in summer.Fig. 2

Meteorological conditions have been indicated to play important roles in ozone pollution ([@bb0075]; [@bb0085]). When ozone pollution got severe, the Pacific High was located to the southeast direction of Shanghai in summer ([Fig. 3](#f0015){ref-type="fig"}a). At the edge of the subtropical high, the daytime wind was often southwesterly in downtown ([Fig. 3](#f0015){ref-type="fig"}b). The stagnant conditions associated with the Pacific High cause strong downward radiation and little cloud cover, which was quite favorable for the photochemical production and accumulation of ozone in these regions.Fig. 3(a) Mean Sea level pressure and isotherms in western Pacific and (b) wind rose in Shanghai during day time (8:00--18:00) in summer. (c) Landsat 8 satellite-retrieved land-use maps of the YRD region. (d) Sensitivity regimes defined by satellite data of the YRD region in summer. The red dots represent urban station, while the blue dot represents suburb station. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

As ozone precursors, NO~x~ were mainly emitted in cities with a large combustion of fossil fuel while VOCs had both anthropogenic and biogenic sources. [Fig. 3](#f0015){ref-type="fig"}c shows the land-use types in the YRD region. There were dense cities and towns in Shanghai and the northern areas, with intensive anthropogenic VOCs (AVOCs) and NO~x~ emissions. Meanwhile, areas south to Shanghai are characterized by a great deal of forests emitting BVOCs. The geographical location determines that ozone concentration in Shanghai was affected by different effects at different times in summer, which would be discussed in detail in following parts. Since that southwesterly occurred frequently in summer time, VOCs emissions from southeast areas such like Hangzhou might be transported to Shanghai, leading high ozone concentration. The phenomenon was also discussed in previous studies ([@bb0130]; [@bb0150]).

Since that the land use types in the southwest areas were different from that in Shanghai, the regional transport might have experienced a shift in the sensitivity regimes. In this study, ratios of satellite column concentration were used as an indicator of ozone sensitivity regimes ([@bb0265]). This method can figure out sensitivity regime in places lacking observation data. The ratio of HCHO/NO~2~ has been wildly used to investigate the ozone sensitivity regime in previous studies ([@bb0060]; [@bb0105]; [@bb0195]; [@bb0185]; [@bb0305]). HCHO/NO~2~ ratios below 1 are considered as VOC-limited regime; HCHO/NO~2~ ratios above 2 reflect NO~x~-limited regime; and HCHO/NO~2~ ratios between 1 and 2 indicate transitional regime. [Fig. 3](#f0015){ref-type="fig"}d shows ozone sensitivity regime defined by the average ratio of the column concentration of HCHO/NO~2~ in summer. The dots are the locations of environmental stations. The red dots represent urban station, while the blue dot represents suburb station. In general, Shanghai and its northwest areas were close to the VOC-limited regime but mostly in transitional regime. Comparatively, the southwest areas gradually converted to NO~x~-limited regime because of vast woodlands and the associated intensive BVOC emission. Though the satellite retrieval is just indicative of sensitivity regimes around overpass time (9:30 LST), the sensitivity regimes is demonstrated to change from VOC-limited to transitional regime according to the diurnal variation in [@bb0380]. Therefore, ozone chemical sensitivity tends to be a more transitional regime in afternoon compared with the diagnosis derived from satellite observed HCHO/NO~2~ ratios in the morning.

3.2. Ozone enhancement due to regional transport and change of sensitivity regime {#s0040}
---------------------------------------------------------------------------------

The cluster featuring most severe O~3~ pollution is C3. Because of its long-lasting high O~3~ concentration, over 20 days in total 31 days of C3 experienced MDA8 concentration greater than 100 ppb. The general meteorological conditions, including air temperature and wind are given in [Fig. 4](#f0020){ref-type="fig"} . As demonstrated, C3 exhibits a daily temperature-related pattern with high amplitude and a long duration because of the effects of photochemistry and BVOCs ([@bb0140]; [@bb0315]). The wind direction in the day shifted from southwesterly to southeasterly, and flows from southwest corresponded to ozone pollution time. In order to better understand the potential source region of C3, LPDM simulations were conducted. Compared with C1, air masses of C3 originated mostly from the southwest direction and were transported to Shanghai by southwesterly winds ([Fig. 5](#f0025){ref-type="fig"}a--b). To investigate the chemical processes along the transport pathway, the level of total oxidant (O~x~ = O~3~ + NO~2~) was defined to discern total ozone changes from southeast areas to Shanghai. As shown in [Fig. 5](#f0025){ref-type="fig"}c, when air masses transported from Fuyang to Shanghai, O~x~ gradually rose, and reached its maximum in Shanghai. In the suburb area (Fuyang), though plenty of BVOCs emissions, O~x~ concentration was still low since that the deficiency of NO~x~ inhibited ozone production. However, in the urban area (Hangzhou), the concentration of O~x~ underwent a significant increase due to massive NO~x~ emissions in the city, accompanied by a shift of NO~x~-limited regime to transitional regime. Air masses from Hangzhou to downwind regions witnessed transition from sensitivity regime to VOC-limited regime, associated with another O~x~ rise and then reaching the maximum value in downtown Shanghai. The mixing of BVOCs and anthropogenic pollutants as well as transitions of ozone sensitivity regime along transport could jointly make highly polluted O~3~ in C3.Fig. 4Time series of 2-meter temperature and 10-meter wind of C3 in Shanghai. Lines and triangles show mean and median values. Shadow areas present 25th--75th data ranges.Fig. 4Fig. 524-hour backward trajectories at 100 m based on LPDM of (a) Cluster 1 (C1) and (b) Cluster 3 (C3). The black circles mean locations of representative stations in Shanghai (SH), Jiaxing (JX), Hangzhou (HZ) and Fuyang (FY). (c) Boxplot of O~x~ of C3 between 8:00 LST to 22:00 LST. Note that the vertical lines for each box correspond to the maximum and minimum values, and the boxes and the horizontal lines mark the 25th, 75th, and 50th percentiles, respectively.Fig. 5

From the retroplume pattern, it could also be noted that some air masses of C1 came from southern areas of Shanghai, in which there was also dense vegetation cover ([Fig. 3](#f0015){ref-type="fig"}d). [Fig. 6](#f0030){ref-type="fig"}a--b shows the isoprene emissions simulated by MEGAN. The isoprene emission was lower in eastern edge of forest areas and higher around Hangzhou. One likely reason was the difference of plant types. Otherwise, it was calculated that maximum isoprene emission of C3 was 35% higher than that of C1 in suburb Hangzhou, reflecting the difference of other factors between the two clusters, for example, solar radiation and surface temperature. [Fig. 6](#f0030){ref-type="fig"}c shows the concentration of HCHO column concentration and the CO surface concentration in Shanghai of C1 and C3. Due to CO and AVOCs are primarily emitted from combustion sources and have good correlation ([@bb0025]; [@bb0370]), CO is used as a proxy of primary AVOCs, and the similar concentration between C3 and C1 indicated roughly equivalent effect of anthropogenic sources ([@bb0015]; [@bb0085]). However, the concentration of HCHO was significantly different, specifically C3 obviously higher than C1. BVOCs emitted from forests would react to produce longer-lived products like HCHO and acetaldehyde (ALD), further to HO~2~ radicals ([@bb0120]; [@bb0130]; [@bb0215]). Under the southwest wind regime, HCHO would be transported to regions downwind due to its long lifetime. As a result, Shanghai received more BVOCs and their products of C3. At the same time, winds were required to transport air masses containing supplementary AVOCs and NO~x~ from industrialized regions. Therefore, the mixed VOCs and NO~x~ contributed to ozone formation and pollution was intensified in Shanghai.Fig. 6Averaged modeled isoprene emission and wind fields at 14:00 on (a) C1 and (b) C3 days. (c) Satellite-detected column concentration of HCHO and surface concentration of CO in Shanghai on C1 and C3 days. Note that the vertical lines for each box correspond to the maximum and minimum values, and the boxes and the horizontal lines mark the 25th, 75th, and 50th percentiles, respectively.Fig. 6

3.3. Impacts of sea-land breezes on ozone pollution {#s0045}
---------------------------------------------------

Apart from magnitude and lasting time of O~3~ pollution, it is also worth noting that there exist great disparities in peak hour of O~3~ concentration of C2 and C4. Specifically, the peak hour of C4 was around 13:00 LST, whereas in C2 18:00 LST is characterized by highest O~3~ level. Such a systematic lag might be linked to diurnal cycles of meteorological conditions. Though regional transport can significantly affect the level of ozone concentration, SLB also exerts great impact on O~3~ variation for daily timescale, given the geophysical location of Shanghai. [Fig. 7](#f0035){ref-type="fig"} shows the typical ozone and wind field before and after peak time in Shanghai region. Before reaching ozone peak, sea breeze first appeared around the coastline. At this time, the wind patterns in inland areas were still characterized by southwest winds, and airflows can transport pollutants from the southwest. After the peak of ozone pollution, sea breeze developed and penetrated inland, causing domination of southeast flows in the breeze regime. It was notable that the penetration of sea breeze to urban area was lagging behind the coast for several hours, while the pollution was concentrated in the downtown area.Fig. 7Ozone and wind of Cluster 2 (C2) and Cluster 4 (C4) before and after ozone peak. Note that air-quality monitoring stations and meteorological stations locate at different places. The three red circles represent Baoshan (BS), Nanhui (NH) and Minhang (MH) meteorological stations while the black circle represents Jing\'an station. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 7

Wind observations of three meteorological sites were collected to present the evolution of SLB. They are Baoshan (BS) site in the north, Minhang (MH) site in the southwest and Nanhui (NH) site in the southeast of Jing\'an station as that marked in [Fig. 7](#f0035){ref-type="fig"}. The breeze around the city had a strong convergence trend during period of pollution time, then the ozone concentration began to decrease after the onshore wind penetrated to the urban area ([Fig. 8](#f0040){ref-type="fig"} ). The prevailing winds at NH site were from southwest, and it was influenced by mixed VOCs mentioned in [Section 3.1](#s0035){ref-type="sec"}. In this way the air masses from the southwest with high BVOC level would concentrate near Shanghai. Together with the accumulation and uplift of locally-emitted urban pollutants caused by the strong convergence, ozone production was substantially enhanced. Furthermore, according to [@bb0380], ozone chemical sensitivity tends to experience a shift from VOC-limited to transitional regime in the afternoon in the YRD region, which would further promote the production of O~3~ in C2. After the penetration of sea breeze, the state of convergence was broken, and the ozone in the urban area was transported downwind. Sea breeze would lead to a decrease to the concentration of ozone, but the convergent breeze regime formed under SLB conditions was beneficial to the accumulation and growth of ozone.Fig. 8Time series of temperature, wind and O~x~ of C2 and C4 in Shanghai. The temperature data comes from downtown Xujiahui site while the wind data comes from Baoshan, Nanhui and Minhang site. The O~x~ data are for the Jing\'an site. Solid lines, triangles and shadows represent mean values, median values and 25th and 75th percentiles respectively.Fig. 8

The formation of SLB conditions was related to weather background and temperature difference between sea and land. When the subtropical high was enhanced, the miso-scale circulation would generate stronger wind speeds, making SLB harder to form. At the same time, the downdraft flow within the Pacific high would also suppress the updraft from convergence center when sea breeze developed ([@bb0350]). Therefore, weak background wind regimes and strong sea-land temperature difference appear to strengthen SLB circulation. [Fig. 9](#f0045){ref-type="fig"}a shows the mean sea level pressure at 10:00 LST of C2 and C4. It could be seen that the Pacific High of C2 was stronger. There were low pressure activities caused by typhoons in the West Pacific of C4, making the Pacific High weaker than that of C2. We counted that C4 had typhoon activities in half days and low pressure activities in more than 80% of days in West Pacific (120°E--140°E, 10°N--30°N), which pushed the high pressure northward. On the contrary, typhoons occurred only two days in C2. As a result, the large-scale wind field in C4 was weaker, a significantly good sign for the formation of SLBs. Meanwhile, as the high pressure moved northward, the areas with less cloud cover also moved northward ([Fig. 9](#f0045){ref-type="fig"}b). It was calculated that average total cloud cover of C4 dropped 28% at 10:00 LST in Shanghai compared with that of C2. As Shanghai got more short-wave radiation, temperature rose earlier and faster, so as to the promotion of temperature difference between sea and land. In the end, the SLB in C4 occurred earlier.Fig. 9(a) Sea level pressure and 10 m wind and (b) total cloud cover in the eastern China and West Pacific for the C2 and C4 O~3~ diurnal pattern. Note: Figures are plotted based on the ERA5 data.Fig. 9

As the above analysis showed, smaller amount of cloud made C4 have more short-wave radiation reaching the surface. It was confirmed in [Fig. 10](#f0050){ref-type="fig"}a that the downward UV radiation in Shanghai of C4 was 8%--13% higher, strengthening the intensity of ozone photoreaction. As a result, ozone concentration rose faster from 10:00 LST to 12:00 LST. With the development of SLB circulation, the near-shore convection had caused the cloud cover of C4 to increase. In the afternoon, total cloud cover of C4 reached a similar value with C2 ([Fig. 10](#f0050){ref-type="fig"}b), so as to short-wave radiation. Therefore, solar radiation and precursors were vital in ozone production and SLB circulation ([@bb0280]). It was worth noting that the development time of SLB circulation was consistent with ozone pollution because of the increase in radiation. In addition, since SLB circulations is not that strong in June and the effect of Meiyu front, it could be explained why C2 and C4 occurred less around this period ([@bb0300]).Fig. 10(a) Ensembled diurnal patterns of downward short-wave radiation in Shanghai. The boxplot lines were defined in [Fig. 2](#f0010){ref-type="fig"}. (b) Changes of low, median and high cloud cover based on ERA5 data.Fig. 10

4. Conclusion {#s0050}
=============

Ozone pollution is one of the main environmental challenge facing the YRD region. This paper provides a new perspective for understanding mechanism of ozone diurnal cycle. A clustering method has been performed to analyze the ozone pollution events in Shanghai. Four main diurnal patterns were identified. Among them, C1 and C3 showed a similar diurnal variation, while the pollution duration of C3 lasted for a longer time. The peak time of C2 was around sunset, and C4 went ozone pollution earlier.

Combined with meteorological conditions, two main conclusions were drawn. First, ozone pollution could be intensified due to regional transport of BVOCs and the transition in chemical sensitivity regime. With the influence of the subtropical high, the prevailing winds in Shanghai were from southwest. Even under a similar level of primary pollution, the concentrations of ozone pollution can differ a lot because different air masses from forest area with high BVOCs and those from urban areas. At the same time, mixed-VOCs airflows underwent a transition from the NO~x~-limited regime to the VOC-limited regime when reaching Shanghai, which also increased ozone concentration. Second, SLB circulation can significantly influence summer ozone pollution in the YRD region. When there were typhoon activities in Western Pacific, high pressure and areas of low cloud cover moved north, making total cloud cover 20%--30% less and solar radiation 8%--13% more than general days in Shanghai, promoting ozone production in the morning. Meanwhile, strong radiation enhanced the increase of land temperature and land-sea temperature difference, which accelerated SLB circulation. When offshore wind turned to onshore wind, a convergent breeze regime was formed in Shanghai, which was also favorable for the production and accumulation of ozone. Therefore, the ozone pollution time coincided well with the development of sea breeze. After the penetration of sea breeze reached inland, ozone was transported to downwind areas, leading a rapid drop in O~3~ concentration.

This work comprehensively analyzed ozone pollution in Shanghai from the perspective of its diurnal cycles. Both photochemical production and regional transport for different pollution kinds are studies in detail. We indicated that in the YRD region, despite of intensive anthropogenic activities, biogenic emissions also play a significant role in vigorous chemical O~3~ production. Favorable synoptic conditions like prevailing southwest wind favor the mix of biogenic and anthropogenic precursors, and subsequently enhanced O~3~ production due to the transition of sensitivity regime. Meanwhile, we also found that the peak and lasting time of O~3~ pollution in Shanghai, as a typical coastal city, also highly depend on the evolution of SLB. Though plenty of emission control measures of fossil fuel combustion have been implemented to mitigate ozone pollution in Shanghai and YRD, the importance of biogenic contribution and SLB still need to be highlighted.
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